Introduction
Back junction back contact (BJBC) solar cells are one of the most promising high-efficiency solar cells concepts. Solar cells reaching 24% efficiency have been developed by different groups [1] [2] [3] [4] . Among many others, geometrical aspects are still an issue. For reaching high efficiencies it is favorable:
(i) to minimize the area of the back surface field (BSF) since this reduces electrical shading [5] , (ii) to have a short distance between adjacent BSF regions for small lateral transport losses [6] , (iii) and to have equally large cross sections of the metal contacts for both polarities for low metal resistance losses [7, 8] . Point-shaped BSF regions [4, 9] resolve the first aspect. The second aspect can be addressed by a sufficiently small BSF pitch. The reduction of the resistive losses in the metallization is achieved by decoupling the geometry of the metallization from the doping geometry. The decoupling requires insulating dielectric layers. Ensuring a high insulation on large area is known to be challenging with commonly used passivation layers [4, 7, 10] .
Two-level metallization, also called multilevel metallization, allows for large metal cross sections of both polarities [11] since the full rear side area rather than individual fingers are utilized for current transport. Up to now, two-level metallization requires complex processing: deposition of the first metal layer, contact separation, application of a stack of insulation layers (e.g. like anodic oxidized Al and SiOx), opening of the dielectric layers on the point contacts, deposition of the second metal layer and finally the module integration of the cells [11] . Thus, an enabling technology for a realization of two-level metallization is still missing. We present a process adapted to point-contact solar cells based on a laser welding process. It combines the significant reduction in series resistance of the two-level metallization with a slim module integration process sequence.
Simultaneous two-level metallization and module integration
Our technique realizes a two-level metallization as well as module integration. We use evaporated Al on the solar cell´s rear side as the first metal layer. The evaporated Al-contacts of both polarities on the cell rear side are separated, leaving isolated metal pads on the point-shaped BSF regions and a continuous metallization on the emitter region. An Al layer on a transparent substrate serves as the second metallization layer. The Al layer on the substrate is simultaneously used as the interconnection for module integration. For insulation between the first and second Al layer, a liquid polymer that is identical to the lamination material is deposited and cured under ambient conditions on the whole rear side of the solar cell. The contact between the isolated metal pads contacting the BSF in the first layer and the Al layer on the substrate is created by the aluminum-based mechanical and electrical laser interconnection (AMELI) process [12] . This laser welding process penetrates through the polymer layer. Thus, no separate processing of via openings is required. After the laser welding process, ribbons for external connection are welded to the Al layer. For the final lamination we use an encapsulant film and a front glass or foil.
As a proof of principle, two types of modules are fabricated: Type 1: One solar cell (50 × 50 mm²) with circular BSF (Ø 400 μm) contacts. The emitter and BSF contacts are in the same plane (no height difference), as shown in Fig.1 . This cell is interconnected on a glass substrate metallized with 10 μm evaporated Al. The contacting of the emitter metallization for interconnection is realized by straight busbars on two edges. The busbars are about 1 mm wide. Due to the non-continuous base metallization, the solar cells cannot be measured prior to interconnection. The measurements after interconnection are performed without a shadow mask. Please note that the cells themselves are not optimized. Table 1 shows the I-V-characteristics of the module 1 fabricated on glass. The interconnected solar cell has an open circuit voltage V oc of 668 mV and an efficiency of 20.6%. After lamination the open circuit voltage is unchanged within the measurement uncertainty. Please note that reflection at the front side of the glass, multiple reflections within the module and other optical effects may have an impact after lamination leading to a change in the short circuit current density J sc . Since the values before laser welding are not accessible, the impacts of the interconnection have to be determined by other techniques. For the module integration based on laser welding it is crucial that no laser damage is induced and that the polymer layer insulates well to avoid local shunts. Therefore, we perform infrared light modulated lock-in thermography (ILIT) measurements [13, 14] . Figure 3 a) shows the ILIT image of module 1 after interconnection. An increase in signal can be observed at the laser diced, non-passivated edges. This laser damage leads to increased recombination, which can reduce the current and should be minimized. However, in the center, where the laser welding is applied, no shunts can be observed. This shows that no local shunts due to insufficient insulation between the metal layers are induced. Since the open circuit voltage V oc measured on the final module corresponds to the implied open circuit voltage V oc,impl. measured by QSSPC on the cell precursor prior to metallization, we conclude that no laser damage is induced by the interconnection process.
Results

Solar cells type 1 on glass substrate
A third requirement is a homogeneous contacting of all BSF points to collect the generated current. Fig. 3 b) and c) show the electroluminescence (EL) images of module type 1 after laser welding and after final lamination, respectively. Inhomogeneous regions with reduced EL intensity can be resolved. These regions are obviously caused by an imperfect contacting rather than by an increased non-radiative recombination path, since they are not visible in ILIT images. We attribute these few poor-contacted regions to particles present on the sample prior to laser welding, leading to an increased spacing between the cell and the metallized glass. This would result in a locally increased contact resistance. The rather low fill factor of module 1 is caused by this issue. Obviously, counteractions against particles (filtered air, nitrogen blowing) on the cells are required during the interconnection process for the proposed module interconnection scheme. In contrast to this the high J sc of 40.6 mA/cm² shows an effective current collection. 
Solar cells type 2 on encapsulant film substrate
To avoid inhomogeneous contacting due to particles or not planar interfaces, we substitute the rigid glass substrate (as reported in Sec. 3.1) by a flexible substrate on basis of a lamination foil metallized with an Al foil. Two solar cells of type 2 are connected in series to demonstrate the interconnection. Table 2 shows the I-V-characteristics of the module consisting of the two cells. Fig. 4 c) . It shows the same features as prior to interconnection. We do not observe localized shunts, e. g. from an insufficient insulation of the two Al layers. Fig. 2 ), some BSF points are not contacted.
After lamination one cell is locally shunted at an edge where the Al foil touches the first metallization layer. This could be avoided by leaving the outer edges of the solar cell rear side non-metallized.
Reduction of series resistance by AMELI two-level metallization
So far, we have demonstrated the simplified two level metallization process. Besides the advantage of a decoupling of the geometries of doped areas and metallization (see above), our two-level metallization concept has the potential for a further reduction of the metallization-induced part of the series resistance. In case of a "conventional" interdigitated back contact (IBC)structure with one metallization layer and equal wide fingers, only the half of the area is available for current conduction for each polarity. In case of the two-level metallization, the whole area, except the area of the point contacts, can be used for current conduction of one polarity. The current of the second polarity is conducted in the Al-foil, which is also as wide as the cell.
To estimate the advantage of the two-level metallization scheme, we determine the area weighted resistance in the finger in the case of linearly increasing current by [15] ( 1 ) with i being the index width of the fingers, lF the length of the fingers, which is here equal to the cell width, and AF the cross-section area of the fingers perpendicular to the direction of the current transport. The metal coverage of the rear side is 95%, the resistivity of the evaporated Al ρevap = 3.2 μΩ·cm [16] and for the Al-foil ρbulk = 2.7 μΩ·cm [17] . The thickness of each Al layer is 10 μm. These thicknesses of Al cell metallization can be deposited in industrial tools with high throughput [18] . The contributions by the conductive layers/fingers carrying the current of base and emitter are added up. Since in the case of two-layer metallization two 10-μm-thick Al layers conduct the current, in a rough approximation the resistance is reduced by a factor of two. For more detailed calculation we take into account the different resistivities of the Al layers and that the Al foil covers 100% of the rear side.
Since an increase in area weighted series resistance Rs leads in first approximation to a reduction of the voltage, the reduction of the fill factor ΔFF can be approximated by
To show the impact of the reduced series resistance we take as a rough estimation Jmpp = 38 mA/cm², Jsc = 41 mA/cm² and Voc = 680 mV. Fig. 5 shows the resulting series resistance and fill factor losses for both cases as a function of the finger length lF (equivalent to the cell width). The two-level metallization leads to a reduction of the series resistance by a factor of 2.2 for all sizes of solar cells compared to a conventional one-level IBC metallization. In case of full area 15.6 cm × 15.6 cm large solar cells, the contribution of the finger metallization to the series resistance are 1092 mΩ·cm² (488 mΩ·cm²) for an IBC cell (for our two-level metallization). The latter still corresponds to a significant resistive power loss. Increasing the metal thickness further seems not feasible regarding process throughput and wafer bow. However, the series resistance could be reduced to an acceptable value of Rs = 116 mΩ·cm² for a halved solar cell interconnected by the two-level metallization. The resulting fill factor loss induced by the metallization in this case would be 0.6% absolute, which is a significant reduction compared to the 1.3% absolute in case of an IBC solar cell. Furthermore, conventional IBC solar cells have busbars which lead to additional series resistance in the metallization as well as in the base material [19] . Note that the contribution of the busbar metallization, which might be significant in case of the onelayer concept, is not taken into account here.
Conclusion
The doping geometry of point-contacted BJBC solar cells offers the possibility to maximize the current collection and minimize the series resistance due to lateral charge carrier transport in the base material. Nevertheless, for standard interconnection using busbars the metallization geometry needs to be different from the doping geometry. This leads to challenges in insulation. Here we demonstrate a module interconnection process, which allows to contact a metallization scheme being equal to the underlying doping scheme. This is achieved by laser welding an Al foil to the individual BSF point contacts using the AMELI process. Due to the high accuracy of today's laser systems structures in the order of 100 μm can be contacted. In this scheme the Al-foil carries the base current, whereas the metal layer on the cell carries the emitter current. The same Al-foil serves also as the interconnect device for module integration of the point-contacted solar cells. As insulation layer between the two metal levels we use a thin film of encapsulation material instead of a dielectric stack of vacuum deposited oxides. The encapsulant film is deposited and cured under ambient conditions. The properties of the insulation layer (e.g. pin holes or cracks) are less critical in the case of an Al foil compared to a second Al layer which is evaporated.
We demonstrated our simplified process for a two-level metallization of point-contacted solar cells and their simultaneous module interconnection by two proof-of-principle modules with different types of solar cells. Both modules show a shunt free interconnection by laser welding proving the insulation quality of the polymer film. The EL images show the contacting of the BSF contact points, which enable the collection of the current generated in the solar cells. Efficiency up to 20.7% has been demonstrated. The presented process is capable to contact solar cells featuring contacts protruding the rear side, which can result from the definition of the base and emitter regions, as well as solar cells with a planar rear side.
The process reduces the series resistance of the metallization by a factor of 2.2 compared to conventional IBC solar cells. However, an interconnection of full area 15.6 cm × 15.6 cm large solar cells seems still to induce a rather high series resistance of 488 mΩ·cm², even for an Al thickness of 10 μm. This value can be reduced to 116 mΩ·cm² when slicing one wafer into two half cells.
